Abstract 1. The aim of the study was to evaluate the feasibility of replacing soybean meal (SBM) with Tenebrio molitor larvae (TML) meal in broiler diets. 2. A total of 80 30-d-old male Shaver brown broilers were divided into two groups fed on two isoproteic and isoenergetic diets differing for protein source (SBM vs. TML). 3. Up to 62 d of age, body weight and feed intake were recorded weekly and body weight gain, feed conversion ratio (FCR), protein efficiency ratio (PER) and European efficiency factor (EEF) were calculated. At 62 d, blood samples were collected from 16 birds/group for evaluation of blood profiles. 4. Feed intake was not different between groups considering the entire period of the trial. The FCR was more favourable in the TML than SBM group from 46 d of age and in the entire period of the trial (4.13 vs. 3.62). The PER was higher in the SBM than in the TML group (1.92 vs. 1.37) while the EEF was higher in broilers fed on the TML diet (132.6 vs. 156.2). 5. Albumin-to-globulin ratio was higher in broilers fed on SBM than in the other group (0.44 vs. 0.30). aspartate aminotransferase and alanine aminotransferase were higher in TML than SBM (195.1 vs. 178.6 U/l and 82.07 vs. 46.71 U/l, respectively). Uric acid was higher in broilers fed on SBM than TML (5.40 vs. 4.16 mg/dl). 6. TML did not affect feed intake and growth rate of broilers from 30 to 62 d of age when compared to an isoproteic and isoenergetic SBM diet, but FCR of the TML group was more favourable than that of the SBM group. The lowest albumin-to-globulin ratio in broilers fed on TML suggests a higher immune response, probably due to the prebiotic effects of chitin.
INTRODUCTION
There is an important goal to reach in the near future: to reduce the environmental impact for production of protein from animal sources. In this regard, protein-rich insects are one of the options which are being considered as an alternative to traditional protein sources (e.g. soybean meal (SBM)), thus reducing environmental pollution and also diet costs (Khusro et al., 2012) . In particular, the effects on environmental pollution can be ascribed to the low water requirements of insects and the chance to rear them on substrates of biowaste and organic side streams (Makkar et al., 2014) . Insects are part of the "natural" diet of chickens. Insects contain between 30% and 70% of protein on a dry matter basis (Veldkamp et al., 2012) and have a high nutritive value being also rich in fats, minerals and vitamins (Chapman, 1998; Finke, 2013; Makkar et al., 2014) . In addition, if insects are fed as alternative food sources or organic waste products, they may add value to other agricultural industries and can reduce the environmental impact of protein production (Khusro et al., 2012) . Until today, being processed animal proteins, insect meals cannot be used for animal nutrition in the European Union (Reg. 999/2001) , even if revision of the legislations is under process since FAO strongly highlighted the urgent need of alternative (animal) protein sources for livestock.
Among the different insect species, the yellow mealworm (Tenebrio molitor, L.) seems to be particularly suitable for this purpose. T. molitor is a pest of flour, grain and food and is distributed worldwide (Ramos-Elorduy et al., 2002) . Larval and pupal stages of T. molitor are rich in protein and easy to breed and feed (Ghaly and Alkoaik, 2009 ). In addition, it grows well on organic waste (Khusro et al., 2012) . They are usually fed live, but are also sold canned, dried or in processed to powder form (Aguilar-Miranda et al., 2002; Hardouin and Mahoux, 2003; Veldkamp et al., 2012) . Few studies are reported on the use of T. molitor in broiler diets. Ramos-Elorduy et al. (2002) investigated the feasibility of feeding T. molitor on different types of organic waste matter and later feeding the mealworms to broiler chickens. Their results indicate that T. molitor has great potential to be used as a protein source for broilers (up to 10% inclusion in the diet) and the production cost at the industrial level would be significantly lower than that of conventional protein sources such as SBM. In another study, Schiavone et al. (2014) found that the substitution of the basal diet with 25% of mealworms was suitable. The protein quality of T. molitor is similar to that of SBM but for methionine content, which is not able to satisfy poultry requirements (RamosElorduy et al., 2002) . Also, Ca content and the Ca:P ratio are not adequate for poultry production (in particular, for hens), but such problems can be solved by feeding mealworms with a Cafortified diet for 1 or 2 d (Makkar, 2014) .
The aim of the present study was to assess whether T. molitor larvae (TML) meal can be suitable for the complete replacement of SBM in broiler diets from 30 to 62 d of age. To this purpose, growth performance and blood profiles of broilers were studied throughout the trial to check similarities and/or differences in comparison to a maize-soybean control diet.
MATERIALS AND METHODS
The trial was carried out on a private poultry farm in the province of Caserta (Italy). A total of 80, 30-d-old male Shaver brown broilers (average body weight 1.76 ± 0.19 kg) were homogenously divided into two groups (40 birds per group, each consisting of 8 replicates of 5 birds). The broilers were housed in a semi-opened building and each replicate was placed in a floor pen (1.0 × 1.0 m 2 /pen) furnished with rice hulls as a litter. The trial was carried out in October 2014 from 30 to 62 d of age. The groups were fed on two isoproteic and isoenergetic diets, whose ingredients and chemical-nutritional characteristics are reported in Table 1 . The diets only differed for the ingredient used as protein source. The control group (SBM group) was fed on a maize-SBM-based diet, while in the other group, the TML group, the SBM was completely replaced by TML meal (Gaobeidian Shannon Biology Co., Ltd, Shannong, China). Chemical characteristics of the two protein sources (insect meal and SBM) were determined according to AOAC (2004) and are presented in Table 2 . This table also shows the amino acid profile of the two protein sources, obtained from the producers and used to formulate the correspondent diet. The amount of protein linked to acid detergent fibre (ADF) was determined (AOAC, 2004) and used to estimate the amount of chitin in insect meal (Bernard and Allen, 1997; Finke, 2007) as follows: chitin (%) = ash free ADF (%) -ADF-linked protein (%). The diets were formulated to meet poultry requirements also recorded, thereafter, feed intake (g/head/d) and feed conversion ratio (FCR) were calculated for the same intervals that for BWG. Protein efficiency ratio (PER), energy efficiency ratio (EER) and European efficiency factor (EEF) were calculated for the entire period of the trial (30-62 d). The PER was calculated as gram of weight gain per gram of protein intake, whereas the EER was calculated as gram of weight gain × 100/ total of metabolisable energy intake (Kamran et al., 2008) . The EEF was calculated according to Marcu et al. (2013) as follows:
Mortality rate was recorded daily. Average maximum and minimum temperature and humidity inside the building were recorded weekly. The light regimen was 16 h of light per d.
At 62 d of age, blood samples were collected from the wing vein of two birds per replicate (a total of 32 blood samples, 16 per group) in tubes with and without heparin. Serum was separated by centrifugation at 1500 g for 15 min and stored at −20°C until analysed.
Whole heparinised blood was analysed for haematocrit, haemoglobin, blood cell count (white blood cells and red blood cells) using an automatic blood analyser (ADVIA 120 Siemens, Munich, Germany). All biochemical traits of blood serum (total protein, albumin, cholesterol, triglycerides, aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma glutamyl-transferase (GGT), alkaline phosphatase (ALP), creatine kinase (CK), lactic dehydrogenase (LDH), Ca, blood urea nitrogen (BUN), creatinine and uric acid) were determined using commercially available kits by Spinreact (Santa Coloma, Spain) by enzymatic colorimetric or kinetic methods according to the manufacturer's instructions. Spectrophotometric measurements were performed using an automatic biochemical analyser AMS AUTOLAB (Rome, Italy). Globulin concentration was calculated as the difference total protein -albumin.
Data were analysed by one-way analysis of variance using the GLM procedure of SAS (2000), according to the model:
where Y is the single observation, m the general mean, P the effect of protein source (i = soybean meal or TML meal) and e the error.
Comparison between means was performed by Tukey's test (SAS, 2000) .
RESULTS
No deaths were observed during the trial in any group. The amount of protein (N × 6.25) linked to ADF was 35.8% of ash-free ADF, therefore the chitin was estimated as 4.62% as feed (64.2% ADF). The average maximum and minimum temperature inside the building were 21 ± 2.2°C and 14 ± 1.9°C, respectively, during the entire experimental period, while the average humidity was 65.3 ± 8.7%. Table 3 shows the effect of the protein source on body weight and BWG of broilers during the trial. No differences were found between treatment (use of T. molitor meal) or control.
Feed intake (Table 4) was not different between groups considering the entire period of the trial, but the SBM group showed a higher feed intake than the TML group in the periods 46-53 (236.0 vs. 213.7 g/d, P < 0.05) and 54-62 (235.9 vs. 197 .1, P < 0.01) d. The FCR was not different between the groups between 30-37 and 38-45 d, but in the following periods, the TML group showed a more favourable FCR than the SBM group (2.92 vs. 4.29 and 3.47 vs. 4.28, respectively, in the periods 46-53 and 54-62 d of age, P < 0.05), so that, considering the entire period of the trial (30-62 d), the FCR value was lower for the TML group (3.62 vs. 4.13, P < 0.05). The PER was higher in the SBM than in the TML group (1.37 vs. 1.19, P < 0.05), while the EER was unaffected by dietary treatments (Table 5 ). The EEF (Table 5 ) was significantly higher in broilers fed on the TML diet than in the other group (156.2 vs. 132.6, P < 0.01).
Serum constituents (Table 6) showed no differences for concentrations of total protein, albumin and globulin between groups, but albumin-toglobulin ratio was statistically higher in broilers fed on SBM as protein source than in the other group (0.44 vs. 0.30, P < 0.05). AST and ALT were higher in TML than in the SBM group (178.6 vs. 195.1 U/l and 46.71 vs. 82.07 U/l, respectively, P < 0.01).
Uric acid concentration in serum (Table 6 ) was higher in birds fed on SBM than TML (5.40 vs. 4.16, mg/dl). The other blood traits reported in Table 6 and those reported in Table 7 were unaffected by dietary treatments.
DISCUSSION
The two protein sources had a different composition in essential amino acids, and this was particularly evident for methionine + cystine (the soybeans showed contents 3.27 times higher than insect meal), but also for isoleucine (+1.75), arginine (+1.70) and lysine (+1.68). Moreover, threonine (+1.26), leucine (+1.25), histidine (+1.19) and valine (+1.10) were higher in soybean, whereas the tryptophan content was higher in insect meal than in soybean. In any event, considering the amino acids requirement of poultry (NRC, 1994) , only methionine and lysine content of both protein sources were not adequate for broilers and a diet supplement was necessary. All the other amino acids had a sufficient concentration to satisfy broiler needs for growth also in T. molitor insect meal. In this trial, the inclusion of ground yellow mealworms larvae in total replacement of SBM as protein source in the diet did not affect growth rate of broiler in the period 30-62 d of age and birds reached the same live weight at slaughter age as the control group. Considering the entire period of the trial, the FCR and PER were more favourable in broilers fed on insect meal, and this result can be due to the reduced feed intake in broilers fed on the TML diet during the periods 46-53 and 54-62 d of age. These results are in line with the finding of Ballitoc and Sun (2013) , who showed a decreasing trend in FCR values of broiler fed on T. molitor from 0% to 10% of inclusion in the diet. Feed intake in the period 30-62 d of age was not different between groups, thus suggesting that dried mealworms had a sufficient palatability for broiler also when the inclusion level was near 30% of diet, as in the present trial. A previous study (Ramos-Elorduy et al., 2002) showed no rejection due to texture or palatability of TML meal in broiler diet up to the inclusion concentration of 10%.
EEF is used in many countries as a tool for measuring and comparing growing performances of broilers (Van, 2003; Attia et al., 2012) . In the present trial, since no deaths were recorded, the FCR is the main factor affecting the EEF and this makes the values higher for the TML than the SBM group. In any event, since variables included in the EEF calculation are related to growth performance (liveability, live weight, day of age and FCR which includes feed intake and BWG), it is possible to affirm that feeding TML meal had a positive effect on broiler growth performance when compared to the SBM diet. In general, an EEF value from 200 to 225 units indicates a flock with acceptable growth and liveability parameters. These values were reached when broilers were slaughtered from 35 to 40 d of age, and differences were observed according to the genetic type and sex (Samarakoon and Samarasinghe, 2012) . Then when slaughter age increased, the EEF value tended to decrease as the production efficiency worsened due to fat deposition (Samarakoon and Samarasinghe, 2012) .
Even if total protein, albumin and globulin blood concentrations were not modified by dietary treatments, the albumin/globulin ratio was decreased when broilers fed on insect meal diet. In this regard, Griminger and Scanes (1986) stated that high globulin concentrations and low albumin/globulin ratios indicate better disease resistance and immune response of birds. This result could be ascribed to the properties of chitin contained in insect meal. The chitin content estimated in the insect meal used in the present trial (64.2% of ash-free ADF, 4.62% as feed) was in line with the finding of Finke (2007) , who indicated that the ADF fraction in insects contains an amount of protein from 9.3% to 32.7% and the amount of chitin ranges from 2.7 to 49.8 mg/kg. Taking into account the level of TML inclusion in the diet and the average feed intake throughout the entire experimental period, it is possible to estimate that broilers from the TML group ingested around 2.63 g/d of chitin. Recent studies of humans and mice (Neyrinck et al., 2011a (Neyrinck et al., , 2011b Brownawell et al., 2012) suggested that chitin may be useful in restoring the compositional balance of the microbial community and improving colonic function even when a high-fat diet is consumed. Additionally, van Huis (2013) observed that feeding insects to chickens may decrease the use of antibiotics in the poultry industry and this can be very important because of the well-known adverse effects on human health (drug-resistant bacteria strains). Chitin is not degraded and absorbed in the small intestine. Therefore, it can be fermented by the microbiota of the large intestine, acting as a prebiotic. In addition, chitin seems to exhibit a bacteriostatic effect on Gram-negative bacteria, Escherichia coli, Vibrio cholerae, Shigella dysenteriae and Bacteriodes fragile (Vidanarachchi et al., 2010) . Khoushab and Yamabhai (2010) also showed antifungal and antimicrobial properties of chitin. The knowledge on these activities of chitin has yet to be totally uncovered, and several causal mechanisms have been suggested. One of them is the ability of chitin and its derivatives to activate defence mechanisms of the host organisms (El Ghaouth et al., 1992) by inducing the accumulation of chitinases and other pathogenesis-related proteins (El Ghaouth et al., 1992) . Another one is leakage in the cell wall of bacteria due to the interaction between positively charged chitin molecules and the negatively charged surface of the bacteria (Young et al., 1982) . These effects of chitin can improve and reduce the prevalence and duration of some infectious agents, thus improving the health status of the digestive system of broilers fed on chitinrich feeds. A higher concentration of AST in broilers fed on insect meal was recorded. Abnormal activities of this enzyme have been linked to vitamin E, selenium or methionine deficiencies (Gylstorff and Grimm, 1987) , liver damage (particularly psittacosis or Pacheco's disease virus) (Goodwin et al., 1982; Rosskopf and Woerpel, 1984) , pesticide and carbon tetrachloride intoxication (Lewandowski et al., 1986) and muscle damage. It is known that AST activity provides the best information when combined with other more specific tests (Lumeij and Westerhof, 1987) . In this trial, no differences in lactic dehydrogenase and creatinine kinase activity were detected, thus excluding liver or muscle damage as a cause of the increased AST activity. The absence of a liver damage is also confirmed by the activity of GGT, a more specific enzyme localised on the cell membrane of bile ducts (Bovera et al., 2007) that also showed no differences between groups. Further, concentrations of triglycerides and cholesterol were unaffected by dietary treatments, thus also suggesting a normal liver metabolism. In any event, the AST concentration for both groups falls in a normal range for broilers (Polat et al., 2011) and the total increase of AST in the TML group was around 8.3% more than SBM.
The ALT concentration was also higher in broilers fed on insect meal diet, and for this criterion, the increase was around 75.7% compared to the SBM group. In difference to most domestic animals, ALT is a less specific indicator of liver function in birds since it can be found also in many peripheral tissues (in particular, muscles) and hence has a very wide variability (Attia et al., 2014) . Since ALT activity occurs in many different tissues, the specific diagnostic value of this enzyme in birds is poor since elevated activities can be increased by pathological changes in almost all tissues. Activity in erythrocytes, for example, is 1.6 times higher than in plasma, and haemolysis will cause elevated activities (Lumeij, 1988) .
The higher concentrations of uric acid detected in the SBM group can be partly ascribed to a higher protein intake. In fact, when blood samples were collected (62 d of age) the average feed intake of broilers of the SBM group was 38.8 g/d more than the TML group. It is also possible to consider that crude protein from the insect meal diet can have a lower digestibility due to the presence of chitin which is almost always found in association with numerous proteins (Merzendorfer, 2014) . In this regard, Schiavone et al. (2014) showed a lower crude protein digestibility in broilers (66.1 vs. 77.0%) when 250 g/kg of TML meal were used to replace part of the basal diet. It is known that uric acid is the major avian nitrogenous waste product and an important antioxidative agent (Harr, 2002; Jurani et al., 2004) , and there is a direct relationship between the amount of ingested protein and the serum uric acid concentrations (Szabo et al., 2005) . Therefore, any change in protein metabolism is mainly reflected in serum uric acid concentrations (Piotrowska et al., 2011) . In any event, despite the difference between groups, uric acid concentrations were within normal range. Moreover, no difference between groups was detected for BUN and creatinine concentrations, thus confirming that renal function of birds was unaffected by the dietary treatments. In addition, both BUN and creatinine fall within the physiological range for broilers (Attia et al., 2014) , indicating a normal renal function.
Conclusions
TML meal can be used to completely replace SBM in broiler diets during the growing period without negative effects on diet palatability. In addition, positive effects can be observed on FCR and EEF due to the use of TML diet. The lower albumin-toglobulin ratio found in blood samples of broilers fed on the TML diet suggests a better disease resistance and immune response of birds, probably due to the prebiotic effects of chitin. The increase of AST in broilers of the TML group falls in the normal range for broilers and is not accompanied by an increase in GGT, LDH or CK, thus suggesting no alteration occurred in liver and muscle cells.
The doubled values of ALT in broilers fed on TML could indicate damage in peripheral tissues, but, because of its low specificity in chickens, further investigation is needed to interpret this result.
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